The gamma-ray space telescopes AGILE and Fermi detected short and bright synchrotron gamma-ray flares at photon energies above 100 MeV in the Crab Nebula. This discovery suggests that electron-positron pairs in the nebula are accelerated to PeV energies in a milliGauss magnetic field, which is difficult to explain with classical models of particle acceleration and pulsar wind nebulae. We investigate whether particle acceleration in a magnetic reconnection layer can account for the puzzling properties of the flares. We numerically integrate relativistic test-particle orbits in the vicinity of the layer, including the radiation reaction force, and using analytical expressions for the large-scale electromagnetic fields. As they get accelerated by the reconnection electric field, the particles are focused deep inside the current layer where the magnetic field is small. The electrons suffer less from synchrotron losses and are accelerated to extremely high energies. Population studies show that, at the end of the layer, the particle distribution piles up at the maximum energy given by the electric potential drop and is focused into a thin fan beam. Applying this model to the Crab Nebula, we find that the emerging synchrotron emission spectrum peaks above 100 MeV and is close to the spectral shape of a single electron. The flare inverse Compton emission is negligible and no detectable emission is expected at other wavelengths. This mechanism provides a plausible explanation for the gamma-ray flares in the Crab Nebula and could be at work in other astrophysical objects such as relativistic jets in active galactic nuclei.
1. INTRODUCTION The conversion of magnetic to particle kinetic energy is a long standing problem in astrophysics, e.g. in relativistic jets and pulsar winds (the "σ" problem). Magnetic reconnection is the main mechanism known to dissipate magnetic energy into thermal and non-thermal energy of the plasma (see e.g. Zweibel & Yamada 2009 for a recent review). A precise and accurate understanding of this process is still lacking, in particular for relativistic reconnection (i.e. if the Alfvén speed approaches the speed of light, V A ≈ c), but current ParticleIn-Cell (PIC) simulations have become a powerful tool to probe the microphysics of reconnection. Several of these PIC simulations were carried out in the context of relativistic electron-positron pair plasmas as found, for instance, in pulsar winds (see e.g. Zenitani & Hoshino 2001; Jaroschek et al. 2004; Zenitani & Hoshino 2007; Pétri & Lyubarsky 2007; Lyubarsky & Liverts 2008; Zenitani & Hoshino 2008; Liu et al. 2011; Sironi & Spitkovsky 2011) . These studies demonstrated that magnetic reconnection is able to channel a sizeable fraction of the available magnetic energy into a population of non-thermal ultrarelativistic particles via the induced large-scale electric field.
The gamma-ray space telescopes AGILE and Fermi recently discovered bright day-long gamma-ray flares above 100 MeV in the Crab Nebula (Abdo et al. 2011; Tavani et al. 2011; Balbo et al. 2011; Striani et al. 2011; Buehler et al. 2011 ). This high-energy emission is thought to be synchrotron radiation by relativistic electron-positron pairs in the nebula. However, these flares exhibit several puzzling properties that challenge classical models of pulsar wind nebulae (Rees & Gunn benoit .cerutti@colorado.edu, uzdensky@colorado.edu, mitch@jila.colorado.edu 1974; Kennel & Coroniti 1984) and particle acceleration. One of the most intriguing features is the emission of synchrotron photons above the classical limit ǫ ⋆ = (9m e c 2 /4α F )(E/B ⊥ ) ≈ 160 (E/B ⊥ ) MeV (where m e is the mass of the electron, α F is the fine structure constant, E is the electric field and B ⊥ is the magnetic field perpendicular to the particle's motion) imposed by the balance between the accelerating electric force and the damping radiation-reaction force due to synchrotron energy losses (Guilbert et al. 1983; de Jager et al. 1996) , assuming that E < B ⊥ . These observations support the presence of PeV particles in the nebula (corresponding to Lorentz factor γ e ∼ 10 9 ), the highest energy particles ever associated with a specific astrophysical source (Abdo et al. 2011) . Another challenging aspect of the flares is that most of the observed gamma-ray emission above 100 MeV should originate from a tiny part of the nebula (ct flare ∼ 3 × 10 15 cm ≪ 0.1 pc) if the emitting region is causally connected.
In a previous study , we proposed that the gamma-ray flares in the Crab Nebula could be attributed to extreme particle acceleration in the vicinity of a reconnection layer present in the nebula. In this scenario, highenergy particles move across the reversing magnetic field and follow the relativistic analog of Speiser's trajectories (Speiser 1965) . We found that the particles' orbits are naturally focused into the reconnection layer where the reconnecting magnetic field is small, in particular smaller than the reconnection electric field. Because of this, particles suffer weaker synchrotron losses and can be accelerated to extremely high energies deep inside the layer (Kirk 2004) . Motivated by the results of our first study, here we examine in detail the process of particle acceleration in the electromagnetic field configu-FIG. 1.-Top: Diagram of the magnetic field line configuration (isocontour of the magnetic flux function ψ) at the reconnection site in the xy-plane containing the reconnecting (Bx) and the reconnected (By) components of the magnetic field. The reconnection layer is delimited by the grey region between y = ±δ. Bottom: Same as in the top panel, but where the reconnection layer is broken up into a chain of magnetic islands. ration likely to be found in a reconnecting system. We use relativistic test-particle simulations, i.e. the interaction between particles and the back-reaction of particles on the fields are neglected. Importantly, in the equation of motion we include the radiation reaction force induced by synchrotron and inverse Compton losses. The only other similar studies that also included the radiation reaction force are Schopper et al. (1998 Schopper et al. ( , 1999 , and Nodes et al. (2003) using resistive magnetohydrodynamics (MHD) simulations; and the PIC simulations by Jaroschek & Hoshino (2009) . In this paper, we focus specifically on the motion of the highest energy particles (with a Larmor radius greater than the thickness of the reconnection layer) present in the plasma and discuss the possible application of this process to the gamma-ray flares in the Crab Nebula.
This article is organized as follows. In Section 2, the main assumptions and approximations adopted for the reconnection layer in a relativistic pair plasma are presented. Section 3 is dedicated to the equations of motion of relativistic particles in the reconnection layer, with a particular emphasis on the expression for the radiation reaction force. Section 4 focuses on the motion of a single particle and analyzes the effect of each large-scale electromagnetic field component, and synchrotron and Compton losses. We study the distribution of a population of electrons at the end of the reconnection layer in Section 5, and apply the model to the Crab Nebula in Section 6. The final part (Section 7) summarizes the results of this study.
THE RELATIVISTIC RECONNECTION LAYER

Emphasis on the highest energy particles
In the present study, we are interested in the dynamics of the highest energy particles present in the reconnection region, namely, the particles with a Larmor radius much larger than the thickness of the layer. These particles are assumed to be preaccelerated by some unspecified mechanism. In the context of the Crab Nebula gamma-ray flares, the emitting particles have a typical Lorentz factor γ e 10 9 and a gyroradius ρ e ∼ 10 15 cm (in a milli-Gauss field), of order the size of the emitting region L ∼ ct flare ∼ 3 × 10 15 cm that we associate here with the length of the reconnection layer L z . The emphasis on such particles is unique, because one does not usually face the situation where ρ e ∼ L z in other astrophysical environments, e.g. in the solar corona. Because of their large Larmor radii, the particles of interest here feel only the largescale field structure as described below. Small-scale (e.g. turbulent) structures in the current layer are probably important for acceleration of lower energy particles, but do not strongly affect the motion of the highest-energy particles. This justifies the assumptions of using only the large-scale fields in this study, and significantly simplifies the problem.
The large-scale electromagnetic fields
We consider a simple geometry of a steady state and laminar magnetic reconnection region in a collisionless plasma of relativistic pairs (Fig. 1) . The large-scale electromagnetic field consists of the reconnecting magnetic field B x in the xdirection, the reconnection electric field E z in the z-direction, and the reconnected magnetic field B y in the y-direction. In the general case, there is also a component of the magnetic field along the electric field B z , called the guide field, and the associated in-plane induced electric field. The guide field B z has a major effect in suppressing relativistic driftkink instabilities in the reconnection layer and thus may promote non-thermal particle acceleration (Zenitani & Hoshino 2008) . Because there is no Hall effect in pair plasmas, the quadrupole out-of-plane Hall magnetic field and the associated electrostatic in-plane electric field components (important in electron-ion reconnection) are absent.
The current layer has a slab-like geometry with a characteristic thickness δ in the y-direction across which the magnetic field lines reverse and reconnect. In collisionless pair reconnection, the lower limit on the thickness of the layer is set by the relativistic electron skin depth d e = (γ av m e c 2 /4πn e e 2 )
1/2 (where n e is the electron density and γ av is the characteristic Lorentz factor of the particles in the plasma) if there is no strong guide field. Otherwise, δ is given by the Larmor radius of the bulk electrons δ = γ av ρ 0 , where ρ 0 = m e c 2 /eB 0 . These two scales are comparable if the guide field strength is similar to (or smaller than) the reconnecting magnetic field and if the upstream plasma pressure is not large compared with the magnetic pressure. Note that if the layer is very long (compared with its thickness δ), it is subject to instabilities (e.g. tearing) that may lead to its effective broadening. In this case, and assuming that the plasma is incompressible, the effective thickness of the layer is at most δ = β rec L x (e.g. Shibata & Tanuma 2001) , where β rec < 1 is the dimensionless reconnection rate and L x is the size of the layer in the x-direction.
The reconnecting magnetic field B x is roughly uniform outside the reconnection layer (|y| ≫ δ) and equals ±B 0 . Inside the layer, the amplitude of B x decreases and by symmetry vanishes at y = 0. The field is commonly modeled by a Harris profile,
The electric field induced by magnetic reconnection is roughly uniform in the reconnection region in a steady state, and is a finite fraction of the reconnecting magnetic field: E z = β rec B 0 . The reconnection rate β rec is poorly constrained in the context of collisionless relativistic pair plasmas but a few simulations estimate β rec ∼ 0.1 (e.g. Zenitani & Hoshino 2008) . We will adopt this value in this paper.
In the presence of the guide field, the motion of the plasma in the reconnection layer generates an electric field in the xyplane (Schopper et al. 1999) , such that E = −V × B z /c. Here, V is the velocity of the plasma in the xy-plane which we model as (assuming that the Alfvén speed
These components of the electric field E x and E y are included in this study (see Fig. 2 for a visual representation of the electric field structure in the xy-plane). Any bulk motion of the plasma in the z-direction is neglected, V z = 0. The structure of the reconnected magnetic field B y is much more uncertain than that of the other large-scale fields. The reconnection region can be viewed as a long Sweet-Parkerlike layer of length L z ≫ δ and width along the x-direction 2L x , which is generally similar to L z . In the layer (|x| < L x ), the large-scale reconnected magnetic field behaves approximately as
reaching β rec B 0 at the end of the layer, |x| = L x . Outside the reconnection layer (|x| > L x ), B y increases rapidly with |x| to reach B 0 over a distance comparable to L x .
Tearing and kink instabilities in the layer
This simple picture may be a reasonable approximation for the average large-scale field structure in the reconnection region, but it may not capture its small and intermediate scale structure. In the Sweet-Parker picture (Sweet 1958; Parker 1957) , the expected reconnection rate would be very small, much smaller than 0.1. Petschek-like reconnection (Petschek 1964) would be much faster but this configuration is unlikely to appear in pair plasmas because there is no Hall effect (see, however, Bessho & Bhattacharjee 2005 . Analytical calculations and numerical simulations show instead that a thin Sweet-Parker-like layer is unstable to secondary tearing modes and breaks up into a highly dynamical chain of magnetic islands (or plasmoids) connected by small current layers (see e.g., Loureiro et al. 2007; Samtaney et al. 2009; Daughton et al. 2009 ). In this regime, magnetic reconnection is fast (see e.g., Shibata & Tanuma 2001; Bhattacharjee et al. 2009; Cassak et al. 2009; Daughton et al. 2009; Huang & Bhattacharjee 2010; Uzdensky et al. 2010; Loureiro et al. 2011 ) and β rec could be 0.1 (Zenitani & Hoshino 2008) . It is important to note that each magnetic island contributes to B y , but the net reconnected magnetic flux within an island is zero because the magnetic field lines are closed loops (Fig. 1, bottom panel) . The effective large-scale reconnecting magnetic field would result from the semi-open reconnected field lines generated between the current layers and the islands .
A simple way to quantify the effect of magnetic islands on the propagation of particles is to add a static perturbationψ to the undisturbed magnetic flux function ψ 0 (this quantity corresponds to the z-component of the magnetic vector potential A z ) of the formψ
where n is is the number of islands and ǫ is the amplitude of the perturbation normalized to B 0 δ, both quantities considered here as free parameters. Only the y-component of the magnetic field is perturbed, and equals
The overall smoothed growth of the reconnected magnetic field would not be very different from a linear variation across the layer as described by Eq. (4). A thin current layer can also bend along the zdirection due to the relativistic drift kink instability (e.g. Zenitani & Hoshino 2005; Liu et al. 2011) , unless there is a strong guide field. We describe the effect of the kink instability as a stationary sinusoidal translation of the current layer in the y-direction as a function of z, so that the reconnecting magnetic field is given by
where C y is the amplitude of the deformation of the layer in the y-direction and n z is the number of oscillations along the layer. This simple prescription is a rather good representation of the layer in the linear stage of the kink instability. The other electromagnetic fields are unchanged.
RADIATION REACTION FORCE AND EQUATIONS OF MOTION
This section gives the complete expressions for the equations of motion of a single electron moving in an arbitrary electromagnetic field and subject to radiative damping (Section 3.4). Sections 3.1-3.2 focus on general and approximate expressions of the radiation reaction force. Section 3.3 provides the expression of the inverse Compton drag force in the Thomson regime.
3.1. General expression for the radiation reaction force Independently of the underlying acceleration mechanism, a relativistic particle of charge e and Lorentz factor γ e loses energy at a rate given by the Larmor formula (in covariant form, see e.g. Jackson 1975 )
where u µ = (γ e , γ e v/c) is the four-velocity, and the interval ds = cdt/γ e (t is the time in the laboratory frame). This expression can be reformulated in terms of the components of the three-acceleration a parallel (a ) and perpendicular (a ⊥ ) to the direction of motion of the particle as (Rybicki & Lightman 1979) 
In return, radiative energy losses affect the dynamics of the particle through the radiative back-reaction four-force g µ = (γ e g · v/c 2 , γ e g/c) given by (Jackson 1975 )
The first term in this equation is known as the Schott term and the second term describes the recoil of the particle due to radiative losses. In the ultrarelativistic limit (γ e ≫ 1, the regime we are interested in here), the Schott term is negligible and the spatial component of g µ can be expressed as (Landau & Lifshitz 1971) 
and acts as a friction force opposite to the direction of motion of the particle. If the radiative losses term vanishes, P rad = 0, the Schott term determines the strength of the radiation reaction force. But then, the radiation reaction force is negligible compared with the electric force in the equation of motion (see below).
Radiation reaction force in an electromagnetic field
If one now considers the specific situation of a relativistic electron of mass m e moving in a given electromagnetic field (E, B), the equation of motion is (Lorentz-Abraham-Dirac equation in the laboratory frame, Jackson 1975 )
where F µν is the external electromagnetic field-strength tensor. In the framework of classical electrodynamics, Landau & Lifshitz (1971) derived an approximate expression for g in terms of the external electromagnetic fields using an iterative procedure. First, the radiation reaction four-force is neglected in the equation of motion, g µ = 0 and only the acceleration due to the Lorentz force contributes to the radiative energy losses. Substituting the four-acceleration term du µ /ds by −(e/m e c 2 )F µν u ν in Eq. (8) yields
where r e = e 2 /m e c 2 is the classical radius of the electron. The term proportional to B 2 in Eq. (13) is the classical synchrotron energy loss related to the perpendicular acceleration by the magnetic field (a ⊥ ≈ eB ⊥ /γ e m e , B ⊥ is the component of the magnetic field perpendicular to the particle's direction of motion). This is the dominant term in most cases. The other terms are associated with the linear acceleration by the electric field and the perpendicular acceleration by the electric field and the magnetic field. These terms are included in our calculations although we find that they do not lead to significant changes.
In the first order approximation for γ e ≫ 1, the radiation reaction force is
The higher order terms in the expression of the force can be obtained by successive iterations (by injecting into Eq. (8) the Lorentz force and the first order radiation reaction force term). In the second order (in γ −2 e ), the radiation reaction force contributes to the linear acceleration term in the Larmor formula (Eq. 9) such that γ e a ,rad = |g|/γ 2 e m e (a ⊥ is unchanged). Hence, the first order formula in Eq. (14) is valid as long as a ⊥ ≫ γ e a ,rad , implying that
i.e., if the magnetic field in the rest frame of the particle does not exceed the classical critical magnetic field strength B c = m 2 e c 4 /e 3 ≈ 6 × 10 15 G (above which the formal Larmor radius of the particle in the rest frame ρ e = m e c 2 /eB becomes smaller than r e ). In reality, quantum effects become important at a much smaller field B QED = m 2 e c 3 /he = α F B c ≈ 4.4 × 10 13 G (at which ρ e is comparable to the reduced Compton wavelength λ e =h/m e c) and so the condition in Eq. (15) should be reformulated as b ≡ γ e B/B QED ≪ 1. In the quantum regime (b ≫ 1), the electron emits in discrete steps photons with an energy comparable to the electron's energy (Shen 1972) and the radiation reaction force should be modeled as a stochastic process where the electron undergoes discrete and substantial energy losses ∆γ e /γ e ≈ 1 (see e.g. Duclous et al. 2011 ). This situation would require a full quantum electrodynamics treatment which is not undertaken in this article.
It is worthwhile to note that the radiation reaction threeforce can be comparable or even exceed the Lorentz threeforce F L without violating the condition b ≪ 1. Indeed, with |g| ∼ r 2 e γ 2 e B 2 and |F L | ∼ eB, the ratio of the two forces scales as |g|
Hence, if |g| ∼ |F L | and b ≪ 1, then the electron has to be ultrarelativistic with a Lorentz factor γ e > α −1 F ≫ 1. In the context of the gamma-ray flares in the Crab Nebula, where PeV electrons (γ e ∼ 10 9 ) evolve in a milli-Gauss magnetic field (see Section 6), b ∼ 10 −7 and we are well within the range of validity of Eq. (14) even when the particles reach the radiation reaction limit regime where |g| ∼ |F L |.
Inverse Compton drag force in the Thomson regime
If the electron is bathed in an external radiation field, it loses energy via inverse Compton scattering. In the Thomson regime (ǫ ′ 0 /m e c 2 ≪ 1, where ǫ ′ 0 is the target photon energy in the rest frame of the electron), the energy loss in each scattering event is small, ∆γ e /γ e ≪ 1, and the Compton drag force can be described as a continuous force. If the photon field is isotropic in the laboratory frame, then the Compton power radiated by a single electron is (Blumenthal & Gould 1970 )
where
e is the Thomson cross section and U ⋆ is the energy density of the radiation field (in erg cm −3 ). In the rest frame of the particle, the target photons are focused in a cone of semi-aperture angle ∼ 1/γ e in the direction opposite to the motion of the particle. Hence, the Compton drag force can be formally written as a friction force such that
The continuous drag force approximation is not valid in the Klein-Nishina regime (ǫ ′ 0 /m e c 2 ≫ 1) in which the electron loses a significant fraction of its energy in a single interaction (as for synchrotron losses in the quantum regime).
Equations of motion
Summarizing the discussion in the preceding sections, the equations describing the time evolution of an ultrarelativistic electron are (in the laboratory frame, and for b ≪ 1) dp dt
In these equations p = γ e m e v is the momentum and E e = γ e m e c 2 is the total energy of the electron. In the following, we will refer to as the equations of motion.
MOTION OF A SINGLE ELECTRON IN THE MAGNETIC RECONNECTION CONFIGURATION
We solve the equations of motion including the radiation reaction in the vicinity of the reconnection layer described in Section 2. We examine in detail the effect of each component of the magnetic field on the dynamics of a single particle, starting with the reconnecting component B x only. We first review the main solutions of the analytic model of Uzdensky et al. (2011) (Section 4.1). Analytical solutions are then compared with the numerical solutions (Section 4.2). We then investigate the effects of the guide field components (Section 4.3), the reconnected field and the presence of magnetic islands in the current sheet (Section 4.4), and kinking of the current sheet (Section 4.5) on the motion of the particle. The effect of Compton scattering is discussed in Section 4.6. Uzdensky et al. (2011) studied the evolution of a single electron, assuming that the guide field and the reconnected magnetic field are negligible (and without magnetic islands), and neglecting the inverse Compton drag force. In this model, the electron is initially injected at the origin of the axes with a Lorentz factor γ 0 ≫ 1 and a velocity contained in the yzplane crossing the z-direction with an angle θ 0 < π/2 such that v y (z = 0) ≈ c sin θ 0 (see Fig. 3 ). If the Larmor radius of the electron is much greater than the thickness of the layer, the trajectory of the electron is composed of portions of cyclotron orbits stretched along the z-direction by the reconnection electric field. The reversing reconnecting magnetic field always deflects the particle towards the midplane y = 0. As the electron gains energy, the Larmor radius of the particle increases but the maximum deviation of the orbit from the midplane y max decreases.
Analytic solutions in the reconnecting fields only
It is possible to derive simple analytical solutions to the equations of motion in three special regimes:
(1) Most of the particle's trajectory is well outside the reconnection layer (y max ≫ δ) and its energy is well below the radiation reaction limit (ecE 0 ≫ P rad ), so that radiative losses can be ignored. Taking the y-component of Eq. (19) and writing d/dt = v z d/dz and defining ω 0 = eB 0 /m e c, we obtain (over one half-cycle, where
Integrating this equation yields
wherez = z/ρ 0 , β y = v y /c and β y,0 = β y (0) ≈ sin θ 0 . Considering, for simplicity, the case θ 0 ≪ 1, so that β z = v z /c ≈ 1 and β y ≈ dȳ/dz (withȳ = y/ρ 0 ), Eq. (22) becomes
The evolution of the Lorentz factor of the particle follows (after integration of Eq. (20))
Combining Eq. (23) and Eq. (24), the final integration overz gives the orbit of the electron over one half cyclē
If the amount of energy gained by the particle over one half cycle is small such that ∆γ e /γ 0 = β recz /γ 0 ≪ 1, then the trajectory of the electron follows (after an expansion of Eq. (25) to third order in β recz /γ 0 )
At the end of the half cycle, the particle crosses the z-axis at a distance approximately equal tō
The variation of the Lorentz factor and the midplane crossing angle over one half cycle are then
The evolution of the crossing angle θ 0 over many cycles (z ≫z 1 ) is governed by d|θ 0 |/dz ≈ ∆ |θ 0 | /z 1 and hence after integration one finds that |θ 0 | ∝ (γ e ) −2/3 ∝ (z) −2/3 . A similar derivation gives that the maximum distance from the midplane decreases as y max ∝ (γ e ) −1/3 ∝ (z) −1/3 . In this regime, the energy of the particle increases and the particle's orbit shrinks steadily towards the midplane.
(2) The particle reaches the radiation-reaction limit (ecE 0 = P rad ) while well outside the layer (y max ≫ δ). This means that the energy gained by the electric acceleration is completely radiated away by the electron in each cycle. The Lorentz factor of the electron over each cycle is constant and is determined by the balance between the acceleration rate and the synchrotron energy loss (neglecting the energy loss by the electric field in Eq. (13)), i.e.
This is the standard radiation reaction limit, resulting in the synchrotron photon energy limit at ∼ 160 (E 0 /B 0 ) MeV introduced in Section 1. However, in spite of the constant energy of the electron, the orbit continues to shrink towards the midplane because of the radiation reaction force. Using the same notation as in regime (1) and replacing γ e with the expression for γ rad , the y-component of the equation of motion becomes
After integration (at t = 0,
Expanding this solution to the second order in β recz /γ rad ≪ 1, and integrating overz, the equation of the trajectory becomes
The trajectory intersects the y = 0 plane at a distancē
Over one half cycle, the midplane crossing angle varies by
The long term evolution of θ 0 over many cycles follows dθ 0 /dz ≈ ∆ |θ 0 | /z 1 , hence the midplane crossing angle decreases exponentially as θ 0 ∝ exp −β recz /3γ rad .
(3) In the third case, one considers an electron whose orbit is entirely confined deep inside the layer (y max ≪ δ) where the magnetic field varies approximately linearly B x (y) ≈ (y/δ)B 0 . The maximum magnetic field strength felt by the particle is B x (y max ) = (y max /δ)B 0 . Assuming that the electron remains in the radiation reaction limit within each cycle, the maximum energy reached increases as the magnetic field decreases such that γ e = (δ/y max )γ rad . The joint evolution of θ 0 , y max and γ e in this regime can be roughly estimated if one assumes that this situation is similar to the first regime described above where B 0 is replaced by (y max /δ)B 0 . Then, one finds θ 0 ∝ γ
It is important to note that a particle will not always undergo the three regimes in a sequence. This will depend on the initial conditions imposed on the electron and on the properties of the reconnection layer.
Comparison with numerical solutions
In order to track the particle's orbit accurately over many cycles across the reconnection layer, a high-order numerical scheme is required. We use the explicit Runge-KuttaVerner procedure of the eighth order (Verner 1978) . Figure 4 shows an example of a numerically integrated orbit of an electron evolving in a uniform electric field E z = 0.1 B 0 with B 0 = 5 mG and the reconnecting magnetic field B x reversing over a layer of finite thickness δ = 3.4 × 10 11 cm (corresponding to δ = ρ e (γ e = 10 6 )). The reconnected B y and the guide B z fields are neglected at this stage in order to compare with the above analytical solutions. As expected, we find that the orbit shrinks steadily toward the midplane. Figure 5 shows the long-term evolution of the particle's orbit parameters γ e and θ 0 . The initial parameters of the electron were chosen specifically to obtain all three regimes described in the previous section in a sequence. At first (regime 1, z 0.75 light-day, 1 light-day ≈ 3 × 10 15 cm), most of the electron's orbit is well outside the layer (y max ≫ δ, δ = 3.4 × 10 11 cm) and the electron undergoes almost pure electric acceleration (γ e ≪ γ rad ). The midplane crossing angle almost follows the power-law θ 0 ∝ γ −2/3 e . The deviations from the analytic solution are entirely attributed to the effect of the radiation reaction force, not completely negligible here. Then, the electron enters the radiation-reaction limit regime : Evolution of the electron's Lorentz factor γe (red solid line) and the midplane-crossing angle θ 0 (blue dotted-dashed line) along the orbit inside the reconnection layer of length Lz = 10 light days = 3 × 10 16 cm and thickness δ = 10 6 ρ 0 = 3.4 × 10 11 cm. Panel (b): Evolution of the electric acceleration rate (blue line) and the cycle-averaged radiative losses (green line). Panel (c): Relation between θ 0 and γe calculated along the orbit. The green dashed lines give the analytical solutions derived in Section 4.1 (powerlaws of index −2/3 and −3/2). In all panels, the dashed vertical line indicates the place where the orbit of the electron lies completely inside the current layer (ymax δ). The gray region show the period where the electron is in the radiation reaction limit regime (γe = γ rad ). B 0 = 5 mG, βrec = 0.1 and the reconnected and the guide fields are neglected as well as Compton drag (U⋆=0).
(regime 2, 0.75 z/(1 light day) 2.75, gray shaded area) where the Lorentz factor saturates at γ rad ≈ 4.3 × 10 8 and θ 0 decreases exponentially (linearly on a linear-logarithmic scale), in agreement with the analytical model. After some time, the orbit shrinks inside the layer (regime 3, y max < δ, z > 1.2 × 10 16 cm). Radiative losses no longer counterbalance the electric acceleration exactly over each cycle and the ratio of these two quantities tends to about ∼ 2/3. The electron is continuously focused and accelerated in the z-direction to energies above the standard radiation reaction limit associated with the B 0 field (γ e > γ rad ), and θ 0 decreases asymptotically with energy as θ 0 ∝ γ −3/2 e .
The guide field
In addition to B x and E z , we study in this section the effect of a uniform finite guide field B z and the induced in-plane electric fields E x and E y on the motion of the particle. The reconnected field B y and magnetic islands are still neglected at this stage. Figure 6 presents a few numerically integrated orbits projected onto the yz-plane where only the guide field strength changes from B z = 0 to B z = 0.5 B 0 and B z = B 0 . We find that the presence of a strong guide field (B z B 0 ) suppresses the focusing of the particle toward the reconnection layer, even if the particle is injected inside the layer at a small angle, θ 0 ≪ 1. For B z = B 0 , the particle's orbit is still tied to the layer (the particle does not escape in the y-direction) but the particle remains well outside of the layer (y max ≫ δ) most of the time where its energy is limited by the radiation reaction force. For a moderate guide field strength (B z = 0.5 B 0 ), the particle focuses toward the midplane as in the case without guide field, but at a slower rate (see the middle panel in Figure 6 ).
Examination of the three-dimensional orbit for B z = B 0 shows that the particle spirals along the guide field in the xyplane and drifts slightly in the x-direction (Fig. 7) . This drift in the x-direction as well as the defocusing of the particle's orbit in the yz-plane in a strong guide field is mainly due to the in-plane electric field E x . Indeed, E x accelerates the particle coherently in the x-direction as the particle makes one turn along the guide field in the xy-plane, resulting in an increase of the Larmor radius of the particle. In contrast, E y results only in a small net energy gain because it first decelerates and then accelerates the particle in the y-direction by almost the same amount during one cycle along B z (depending on where the particle is in the xy-plane, see Fig. 2 ). To summarize this section, we find that a strong guide field B z B 0 , does not allow the particles to converge into the layer. As a result, particles cannot be accelerated above the standard radiation reaction limited energy γ rad .
The reconnected field and magnetic islands
We next investigate the effect of the reconnected magnetic field B y on the motion of the particles in the vicinity of the layer. We will first assume that B y follows the linear law given by Eq. (4) and magnetic islands are still neglected at this stage. To single out the effect of B y only, there is no guide field and no Compton drag in this subsection. All fields are fully included later in the population studies (Section 5).
In Figure 8 , we calculate the Lorentz factor of the particle γ out and the angle of deviation of the orbit θ out from the zaxis when the particle reaches the boundaries of the layer (i.e. when z = L z or |x| = L x ), as a function of the initial injection distance x 0 (between x 0 = 0 and x 0 = L x , y 0 = 0 and z 0 = 0). The initial particle velocity is along the y-axis with a Lorentz factor γ 0 = 10 7 . The layer is L z = 2L x = 4 light-day-long and δ = 3.4 × 10 11 cm thick, with B 0 = 5 mG. As expected, we find that the reconnected magnetic field B y deflects the particle in the x-direction away from the z-axis. The deviation angle θ out increases quasi-linearly with the injection distance x 0 because of the linear increase of B y with x. The break at x 0,bk /L x ≈ 0.18 is geometrical in origin because it distinguishes whether the particle escapes the layer at z = z out = L z or at x = x out = L x . Below x 0,bk , the particle exits the layer in the z-direction first (x out < L x ), and above x bk the particle is deflected out of the layer in the x-direction first (z out < L z ). This explains why the particle is accelerated to the highest energy if x 0 < x 0,bk because it goes through the total electric potential drop available, eβ rec B 0 L z ≈ 2 PeV (see Fig. 8, bottom panel) . In addition, we observe that the presence of the reconnected field B y does not affect the focusing mechanism of the particle's orbit toward the midplane, but instead of having a beam of particles focused in the z-direction, the trajectories spread over a wide range of angles |θ out | 90
• in the xz-plane at the end of the reconnection layer (fan beam of particles).
As discussed in Section 2, a thin current layer is unstable to tearing modes, leading to the formation of a dynamical chain of secondary magnetic islands (where fields lines are closed loops: see Fig. 1 , bottom panel, for an illustration). In order to quantify the impact of magnetic islands in the layer on the dynamics of the particles, we add to the linearly growing reconnected field B y a sinusoidal perturbatioñ B y prescribed in Eq. (6) (see the discussion in Section 2). Islands are static and identical flux ropes, of length L z in the z-direction and of width W x = 2L x /n is in the x-direction. In the y-direction, the width of each island is about W y ∼ ǫδ if ǫ 1, and W y ∼ (2ǫ) 1/2 δ if ǫ 1. Calculations show that in some cases, the particle is trapped within one island and its orbit stays aligned along the zdirection. In the xy-plane, the particle's orbit is confined and focuses toward the center of the island (O-point). Figure 9 shows that the three-dimensional trajectory of the particle be- comes quite complex and it is rapidly trapped by one island. For this calculation, we considered the same particle (γ 0 = 10 7 ) as in Figure 8 with x 0 = 0 for a L z = 1 light-day-long layer, δ = 3.4 × 10 11 cm and B 0 = 5 mG. The layer contains n is = 500 islands and ǫ = 1.4 so thatB y,max = 0.5 B 0 . This magnetic confinement by the islands operates if the large scale reconnected field (linearly increasing with x) is locally smaller than the amplitude of the island field B y B y,max = ǫn is πB 0 (δ/L x ), Example of a three-dimensional orbit of a particle trapped in a magnetic island present in the reconnection layer. The layer is Lz = 1 light-day-long, δ = 3.4 × 10 11 cm with B 0 = 5 mG and contains a static chain of n is = 500 islands with ǫ = 1.4. The particle is injected at the origin along the y-axis with γ 0 = 10 7 . There is no guide field. The grey lines show the projections of the orbit in the yz-and xy-planes.Bottom panel: Projection of the orbit in the xy-plane overlaid on the magnetic field lines of two islands in the layer.
i.e. if the particle is injected at a distance x 0 ǫπn is δ/β rec . Otherwise, the particle feels only the large scale magnetic deflections by B y . If the amplitudeB y,max exceeds the maximum large scale reconnected field B y,max = β rec B 0 , then we find that the particle is systematically confined within an island for any value of x 0 , and regardless of the size of the island with respect to the Larmor radius of the particle. We conclude that the presence of magnetic islands in the current sheet does not hamper the acceleration of the high-energy particles of interest here; they even help in keeping particles aligned along the electric field. Note however that this simple model is static, i.e. it does not take into account any electric fields associated with the contraction or the merging of islands, which could affect particle acceleration in a similar way as for smaller particle energies (Drake et al. 2006 ).
Kink instability
We now consider a sinusoidal deformation of the current layer in the y-direction as a function of z, using the expression in Eq. (7) for the reconnecting field to mimic the effect of a kink instability (during the linear or early nonlinear development). The calculation of particle trajectories shows that the deformation of the layer, even with high amplitudes (C y 1), does not change at all the focusing mechanism. The final energy reached by the particle at the end of the layer is also unchanged. Figure 10 is an example of a particle trajectory initially injected at the origin along the y-direction with γ 0 = 10 7 in a layer with C y = 1 and n z = 5. In this calculation, the layer is L z = 1 light-day long and δ = 3.4 × 10 11 cm thick with B 0 = 5 mG and β rec = 0.1. There are no magnetic islands, guide field or external photon fields for simplicity. The layer guides the particle trajectory. The kink affects the energy of the particle and the focusing mechanism only if the wavelength of the kink mode considered λ z = L z /n z becomes shorter than the distance traveled by the particle along the zdirection during one half Speiser cycle z 1 (see Sect. 4.1). In this case (λ z ≪ z 1 ), the particle always feels a non-zero average perpendicular magnetic field during each cycle. Its energy becomes limited by the radiation reaction force and the particle never reaches the inside of the layer.
Inverse Compton cooling
The inverse Compton drag force strongly affects the trajectory of the electron if the radiation energy density is of order the magnetic energy density U ⋆ U B ≡ B 2 0 /8π. To quantify the effect of inverse Compton drag, we compute the deviation angle θ out and the Lorentz factor γ out of the particle at the end of the layer as a function of the ratio U ⋆ /U B . Figure 11 shows the result of this calculation where the particle is injected at different locations x 0 in the midplane (y 0 = 0 and z 0 = 0). The layer has the same properties as in Section 4.4, with B z = 0 and no magnetic islands. For simplicity, the background of target photons is homogeneous and isotropic in the reconnection region. We find that inverse Compton cooling increases the deflection of the particle's trajectory by the reconnected field B y in the x-direction (except for electrons injected very close to the z-axis). This is due to the efficient counterbalance of the electric acceleration rate by the Compton energy losses. High Compton cooling has a more critical effect on the energy of the electrons at the end of the layer. If synchrotron losses are negligible (U ⋆ ≫ B 2 0 /8π) and if deviations in the x-direction are not too important (x 0 /L x ≪ 1), the final energy of the electron is given by the balance between the electric force and the Compton drag force, i.e. (in the Thomson regime)
This expression is the equivalent of the standard radiation reaction limited energy derived in Eq. (30) in the case where the Compton drag force dominates over the radiation reaction force. High inverse Compton cooling severely limits the acceleration of the particle to extreme energies, but we note that this does not affect the concentration of the particle toward the reconnection layer. In fact, the Compton drag force helps in focusing the orbit toward the xz-plane.
POPULATION STUDIES
This section is dedicated to the study of dynamics of a population of particles injected in the reconnection layer. for z 0 = 0. For each set of initial parameters, the orbit of the electron is calculated following the numerical procedure described in Section 4.2, and the value of each of these parameters at the end of the layer is stored in a table and is denoted with a subscript "out". Each particle is followed until it crosses the outer boundary of the layer, i.e. |x| = L x or z = L z (see Fig. 12 ). In practice, y 0 is set to 0 because the final result does not depend much on the value of this parameter (if |y 0 | < δ).
From this calculation, we can derive the distributions of the accelerated electrons at the end of the reconnection layer, in particular the angular and energy distributions. Initially, the electrons have isotropic orientations and are uniformly distributed in space (along x) and follow a power-law energy distribution of index p = 2 such that dN 0 /dγ 0 ∝ γ −p 0 with γ 1 < γ 0 < γ 2 . The low-energy cut-off is fixed at γ 1 = 10 6 and corresponds to the Lorentz factor of the bulk particles governing the thickness of the layer δ = 3.4 × 10 11 cm in B 0 = 5 mG field strength. The high-energy cut-off is set at γ 2 = 10 9 , i.e. for the particles with a Larmor radius of order the width of the layer L x in the B y (|x| = L x ) = β rec B 0 magnetic field. In these calculations, all large-scale fields are present with a uniform E z = β rec B 0 , B x following Eq. (1), B y following Eq. (4) but with no magnetic islands or curvature in the layer, and a uniform guide field B z = 0, or 1 times B 0 , with the associated in-plane electric field components E x and E y . We follow the trajectories of 97,200 particles for each simulation. Figure 13 shows the outgoing angular distributions of particles with respect to θ out , dN out /dθ out summed over φ out , and with respect to φ out , dN out /dφ out summed over θ out . The distribution dN out /dθ out is roughly flat between θ out = 0
Outgoing particle angular and energy distributions
• and 90
• (the distribution exhibits a slight excess between θ out = 30
• and 70
• ) whereas dN out /dφ out is concentrated close to φ out = 0
• , within a few degrees if B z = 0. By symmetry with respect to the y-axis, if one injects a population of particles at x 0 = [−L x , 0], dN out /dθ out is distributed approximatively uniformly between θ out = −90
• and 0 • , and dN out /dφ out is concentrated close to φ out = 180
• . Hence, the reconnection layer transforms an initially isotropic distribution of particles into a fan beam in the xz-plane. This is associated with the focusing mechanism due to the alternating reconnecting magnetic field and electric field along the z-axis as discussed in detail in the previous sections. A more precise analysis indicates that about 90% of the electrons, regardless of their energy, are contained within a solid angle Ω out ≈ 0.1 steradian, i.e. about 1% of the full sphere. A flat distribution of the outgoing particles with respect to θ out , dN out /dθ out ≈ constant, implies that the number of particles per unit of solid angle dN out / sin θ out dθ out ∝ θ −1 out is highly concentrated along the zaxis, and is the relevant distribution to determine the observable emission.
In Figure 13 , we define three distinct populations of particles based on the characteristic synchrotron photon energy ǫ syn = (3/2)γ 2 outh eB 0 /m e c that the particles would emit in the field B 0 once they leave the layer: ǫ syn < 10 MeV (γ out < 3.4 × 10 8 ), 10 MeV < ǫ syn < 100 MeV (3.4 × 10 8 < γ out < 10 9 ), and ǫ syn > 100 MeV (γ out > 10 9 ). We find that the majority of the electrons focused along the z-axis are also the most energetic ones. The low-energy particles (γ out < 10 9 ) are dominant at high deflection angles θ out (θ out 45
• for B z = 0). A strong guide field decreases the number of particles accelerated to the highest energies and broadens the angular spread of the particles at the end of the layer. Figure 14 gives the total number of particles in each energy band as a function of the guide field strength. For small guide fields (B z /B 0 0.5), the reconnection layer accelerates up to 50% of the particles to the highest energies. Even for a moderately high guide field B z /B 0 = 0.65, the most energetic particles still represent 25% of the total. However, if B z is too strong, comparable to or greater than B 0 , then only a few particles can be accelerated inside the reconnection layer to the highest energies (see the discussion in Section 4.3). Most of the particles in this case spend most of their time outside the layer, and their energy is limited by the radiation reaction limit imposed by the external fields (i.e. ǫ syn < 100 MeV).
The upper panel in Figure 15 shows the overall energy distribution γ 2 out dN out /dγ out of all the electrons at the end of the layer for B z /B 0 = 0, and 1. If there is no guide field, the spectrum is well fitted by a single power-law of index +0.5 (this result is robust against changes in the initial injection index p = 1, 3). The distribution extends almost up to the maximum energy that an electron can gain by pure electric linear acceler-FIG. 15.-Outgoing energy distribution of the same population of electrons (top panel) accelerated in the same reconnection layer as described in Fig. 13 for Bz = 0 (blue solid line), and Bz = B 0 (blue dashed line). A power-law fit to the electron spectrum (with no guide field) dN/dγe ∝ γ 0.5 e is overlaid (magenta solid line). The maximum energy obtained by pure linear acceleration γmax = eE 0 Lz/mec 2 = 3.5 × 10 9 is shown by the red vertical dotted line. The green vertical dotted line indicates the radiation reaction limited energy γ rad in B 0 . The resulting synchrotron emission spectra at the end of the layer are also shown (bottom panel) assuming that the particles evolve in a disordered magnetic field of strength B = B 0 . ation γ max = eE 0 L z /m e c 2 = 3.5 × 10 9 . The distribution is quite narrow, almost monoenergetic. The highest energy particles at the end of the layer are mostly composed of the particles injected with a moderately high Lorentz factor γ 0 ∼ 10 6 -10 7 , because they have enough time to go deep inside the layer and they suffer little radiative losses initially. For high guide fields, the distribution differs from a single power-law because many particles pile-up at the radiation reaction-limited energy γ e ≈ 4 × 10 8 (see Eq. 30), as mentioned previously.
5.3.
Resulting radiation spectrum The lower panel in Figure 15 shows the resulting synchrotron spectrum emitted by all the particles. For a small guide field, it is close to the spectrum of a single electron with γ e = γ max ≈ 3.5 × 10 9 , i.e. with frequency dependence of the flux F ν ∝ ν 1/3 and an exponential cut-off at the critical synchrotron frequency ν c = 3eB ⊥ γ 2 /4πm e c (Blumenthal & Gould 1970) . For a strong guide field B z = B 0 , the radiation spectrum split into two distinct synchrotron components. The low energy component peaks at around 10 MeV and corresponds to the synchrotron emission from the particles in the radiation reaction limit in B 0 = 5 mG field (γ rad ≈ 4 × 10 8 ) and β rec = 0.1. The high-energy component is fainter than the low energy one, peaks at about 1 GeV, and is emitted by the particles linearly accelerated to γ max deep inside the layer.
The synchrotron spectrum is calculated assuming that the particles have escaped from the reconnection layer and entered a region of disordered magnetic field of strength B 0 = 5 mG (the spectrum is averaged over isotropic pitch angles). This spectrum represents the instantaneous emission right after the end of the layer, assuming that the layer ends abruptly 1 . For simplicity, this calculation does not take into account the photons emitted by the particles during their acceleration in the reconnection layer. However, this contribution should be small because most of the particles reach the maximum energy available in the electrostatic potential, indicating that the radiative losses are negligible during the acceleration. This statement is not true for a strong guide field (B z B 0 ), because the particles are stuck in the radiation reaction limit during most of their travel along the layer (Fig. 15) . In this case, the emission during the acceleration could be as important as or even greater than the radiation emitted at the end of the layer. The latter situation should not be considered in the context of the Crab Nebula flares, because the maximum energy of the photons emitted would not exceed ∼ 160 MeV contrary to what is observed. The spectrum emitted by a particle in the layer does not differ from synchrotron because the variation of the Lorentz factor of the particle is small over the formation length of a synchrotron photon, which is roughly given by the Larmor radius ρ e divided by γ e or ρ 0 = m e c 2 /eB 0 ∼ 3.4 × 10 5 cm. (Typically the particle gains a small amount of energy within one half Speiser cycle z 1 ≫ ρ 0 , see Sect. 4.1.)
Another important issue concerns the calculation of the radiation spectrum seen by an observer located in a given direction with respect to the reconnection layer. In the general case, one would need to know the precise structure of the fields outside the layer. As the particles leave the layer, they are no longer accelerated and their direction of motion may isotropize quickly in a B ⊥ ∼ B 0 external magnetic field, hence effectively reducing the anisotropy of the emission. However, this is not true for the high-energy synchrotron radiation above 100 MeV because the emitting particles have energy above the radiation reaction limit and cool over a timescale shorter than their cyclotron period, i.e. t syn (ω 0 /γ e ) 1, similarly if β −1 rec (γ rad /γ e ) 2 1 (where γ rad is given in Eq. 30). As a result, the photons' direction of propagation above 100 MeV should be close to the electrons' direction of motion at the end of the layer. We use this simplifying assumption in Section 6.
Impacts from other parameters
We ran the same simulations for different thicknesses of the reconnection layer ranging from δ = 3.4 × 10 10 cm to δ = 3.4 × 10 14 cm (≈ 0.1L x ), but we do not find any significant changes in the results. A thick layer tends to accelerate slightly more particles to the highest energy, especially for those that are injected with a high Lorentz factor because their Larmor radius becomes comparable to or smaller than the thickness δ. These particles then have enough time to focus inside the layer where the magnetic field is small. We also investigated the effect of inverse Compton energy losses. The overall shape of the escaping angular distribution does not change, but we note an increase in the density of electrons at higher angle θ out , as expected (see Section 4.6). The spec-trum remains almost monoenergetic but is notably shifted to lower energies if U ⋆ 0.1 U B , where the maximum Lorentz factor is given by Eq. (36). We carried out population studies in the presence of magnetic islands in the reconnection layer for n is = 10, 100 and 1000 islands for different amplitudes B y,max /B y,max = 0.1, 1, and 10. We found that the particles cluster quasi-uniformly around the O-points of the islands. The outgoing angular distribution of particles is even more concentrated at small angle θ out than without islands. The particle energy distribution is also more concentrated at the highest energy γ max = eE 0 L z /m e c 2 = 3.5 × 10 9 because the particles are channeled in the z-direction. These features are more marked forB y,max /B y,max 1. Islands increase the anisotropy of the particle distribution and the number of extremely highenergy particles, but the overall distributions are not changed dramatically compared with the case where there are no islands. Note that these results may not be realistic and follow from the assumption of a uniform E z . In a highly dynamic plasmoid reconnection regime, E z is expected to be inhomogeneous. 
Context and assumptions
The Crab Nebula is visible throughout the electromagnetic spectrum from radio to very-high energy gamma rays, mostly in the form of non-thermal radiation (see Aharonian et al. 2004 for a recent compilation of multiwavelength data). The broad band Spectral Energy Distribution (SED) is essentially composed of a synchrotron bump extending from radio to about 100 MeV energy gamma rays and a second bump attributed mostly to inverse Compton emission emerging above 100 MeV up to about 100 TeV. The overall SED above UV energies is well reproduced by a single radiating population of ultrarelativistic electron-positron pairs injected with a power-law energy distribution immersed in an average ∼ 100-200 µG magnetic field (e.g., Horns & Aharonian 2004; Abdo et al. 2010; Meyer et al. 2010) .
The discovery of gamma-ray flares above 100 MeV by the gamma-ray space telescopes AGILE and Fermi changed this simple steady-state picture. If the variable emission above 100 MeV is synchrotron radiation, as it is generally believed, and if one associates the duration of the flares (t fl ∼ 1 day) with the synchrotron cooling timescale of the emitting particles (t s = 3m e c/2r 2 e γ e B 2 ⊥ ), then the gamma rays are produced by PeV pairs in a milli-Gauss magnetic field, i.e. in a much stronger field than expected from the modeling of the SED, B ⊥ ≫ 200µG. This implies that the particles have to be accelerated beyond the radiation reaction limit energy, which is difficult for classical models of particle acceleration unless the emission is substantially Doppler boosted toward the observer (Lyutikov 2010; Komissarov & Lyutikov 2011; Bednarek & Idec 2011; Yuan et al. 2011; Lyutikov et al. 2011) . However, optical and X-ray observations show that the flow is at most mildly relativistic in the nebula (V flow /c ∼ 0.5, see e.g. Hester et al. 2002) . Alternatively, we have shown in Section 4 that particles can be efficiently accelerated inside a few lightday-long reconnection layer and a milli-Gauss field to extremely high energies by the large-scale reconnection electric field (Fig. 15) . This scenario solves the problem of synchrotron photons above the classical limit ǫ syn > ǫ ⋆ (Kirk 2004; Uzdensky et al. 2011) . In addition, the particles angular distribution is expected to be extremely beamed along the current layer, in particular for the most energetic particles emitting above 100 MeV (Fig. 13 ). This could explain why about 1% of the nebula radiates 5-10 times more flux above 100 MeV than the rest of the system.
Another key feature of the model is the quasimonoenergetic spectrum of the particles at the end of the reconnection layer (for B z /B 0 < 1, see Fig. 15 ). This distribution represents the injection spectrum of fresh particles into the nebula and might not always coincide with the spectrum of electrons inferred from the observed gamma-ray emission averaged over the total duration of the flare. In fact, radiative cooling and the (unknown) time-dependent injection of these PeV particles can produce broader distributions like power-laws above 100 MeV as reported by Fermi 2 (Abdo et al. 2011) . Reality might be a complex interplay of these two effects. The observation of the detailed spectral evolution during a flare should provide a powerful diagnostic of the injection of PeV particles in the nebula. In addition, even a slight change in the orientation of the reconnection layer with respect to the observer during the flare, for instance due to instabilities in the layer such as tearing and/or kink modes (Begelman 1998; Mizuno et al. 2011) , can modify the observed emission and explain the short intra-flare variability as well as the symmetric shape of the light-curve profile (Balbo et al. 2011; Buehler et al. 2011 ).
Spectral modeling
For illustrative purposes, we use a simple toy model to reproduce qualitatively the gamma-ray emission observed during the September 2010 flare (Figure 16 ). First, the "quiescent" emission of the nebula is obtained from the synchrotron emission of a cooled and isotropic distribution of electronpositron pairs steadily injected with a power-law energy distribution of index 2.2 for γ e > 10 3 , with an exponential cut-off at γ cut = 2 × 10 9 , in a 200 µG magnetic field. On top of the quiescent emission, we start injecting, at the beginning of the flare (marked as t = 0), another population of particles accelerated in a 4 light-day-long reconnection layer. As discussed in Section 5.3, it is a good approximation to assume that the > 100 MeV synchrotron photons are emitted in the same direction as the radiating electron's direction of motion at the end of the layer. Hence, the observed emission during the flare depends strongly on the viewing angle θ obs of the reconnection layer because of the anisotropy in the outgoing particle distribution (Fig. 13) . The emission is maximum if the layer is pointing at the observer (θ obs ≈ 0).
For the spectral modeling, we assume that B z = 0 and θ obs ≈ 0. We extract from Figure 13 the spectrum of the particles contained in the first bin of the angular distribution (θ out = [0, 2.5
• ]) summed over φ out . After this operation, the spectrum of the particles is composed only of the most energetic particles with 10 9 < γ e 3 × 10 9 (See Fig. 16 , bottom panel). Once injected in the nebula, particles are no longer accelerated and are subject only to synchrotron cooling in a B 0 = 5 mG disordered magnetic field. We arbitrarily choose that the number of fresh particles supplied per unit of time by the layer decreases exponentially with time dṄ inj /dγ e = dṄ 0 /dγ e exp(−t/τ ), with a decay timescale τ = 1 day. The particle spectrum time evolution is obtained by Spectral modeling of the Crab Nebula gamma-ray emission during the September 2010 flare. The black dashed line represents the "quiescent" spectrum (steady state emission, synchrotron component only) and the red solid line is the synchrotron spectrum of the particles accelerated in the reconnection layer averaged over the duration of the flare (four days). The magenta dotted lines show the evolution of the flaring spectrum sampled every 12 hours (top line t = 0 and bottom line t = 3.5 days, see the text for more details about the modeling). The black solid line is the sum of the quiescent and the flaring components. SWIFT and Fermi data during the flare (Sakamoto et al. 2010; Abdo et al. 2011 ) are overplotted with blue bowties. Archive data from COMPTEL (Kuiper et al. 2001 ) and the quiescent Fermi data (only the synchrotron component, Abdo et al. 2011) solving the Fokker-Planck equation using the implicit ChangCooper algorithm (Chang & Cooper 1970) and is shown together with the resulting synchrotron spectrum time evolution in Figure 16 . The electron and gamma-ray spectra soften and broaden slightly with time. Nonetheless, little flux is expected below 100 MeV compared with the emission from the rest of the nebula. Averaged over the duration of the flare, the computed spectrum reproduces qualitatively the observations (Fig. 16, top panel) . We also computed the inverse Compton emission associated with the flare. Following Meyer et al. (2010) , the target photon density is composed of the synchrotron photons from the nebula, thermal emission at 93 K from the dust and the 2.7 K cosmic microwave background. We find that the expected inverse Compton emission is far too weak (by several orders of magnitude) compared to the quiescent Compton emission to increase the very-high energy flux noticeably, because the energy density in the background radiation field is much smaller than the magnetic energy density in the Crab Nebula. The inverse Compton drag force has a negligible effect on the motion of the particles. In this model, the gamma-ray flares are confined to the high-energy band > 100 MeV up to a few GeV and do not have any detectable counterparts at other wavelengths.
Energetics of the flare
The total number of pairs required in the spectral modeling to account for the September gamma-ray flare luminosity above 100 MeV is N iso inj = 8.5 × 10 37 pairs (if the Crab Nebula is located at 2 kpc). This number is not corrected for the extreme anisotropy of the radiating particle distribution. Taking the beaming effect into account, the actual number of pairs needed is N inj = N iso inj (Ω/4π) ≈ 7 × 10 35 pairs (with Ω ≈ 0.1, see Section 5). The mean energy of the particles injected by the layer into the nebula is γ e ≈ 2.3 × 10 9 . Then, the total energy required in these PeV particles is about E Flare ≈ 10 39 erg. This energy represents only about 0.2% (about 35% if there is no beaming) of the total magnetic energy available in the flare region given by
i.e., the Poynting flux passing through the surface of the layer (2L x L z ) = (ct Flare ) 2 in the ±y-direction times the duration of the flare.
We conclude that this scenario provides a plausible solution to the Crab gamma-ray flares paradox.
Possible locations of the reconnection layer
Our model does not specify the location of the reconnection layer responsible for the gamma-ray flares, but one can envisage at least three plausible sites: within the pulsar wind upstream of the wind termination shock, just outside the termination shock in the equatorial region, or outside the termination shock in the polar regions. In the case of a misaligned rotator, the magnetic field in the wind is expected to have a toroidal striped-like structure of alternating polarity around the equatorial plane (the so-called "striped wind", see Kirk et al. 2009 for a review). Magnetic reconnection could occur in this configuration and convert the magnetic energy into particle kinetic energy (Coroniti 1990; Michel 1994) . The length of the layer would be of order the distance to the pulsar. However, Lyubarsky & Kirk (2001) found that the wind in the Crab should reach the termination shock before a substantial fraction of the magnetic energy is dissipated, unless the wind contains a high density of pairs (Kirk & Skjaeraasen 2003) .
If the wind remains highly magnetized up to the termination shock, the striped structure could be rapidly dissipated by shock-driven magnetic reconnection in the equatorial regions downstream of the shock (Lyubarsky 2003; Pétri & Lyubarsky 2007; Lyubarsky & Liverts 2008; Sironi & Spitkovsky 2011) , similarly to what may happen in the nonrelativistic case of the solar system close to the heliospheric termination shock (Drake et al. 2010) . The current layer could be of order the termination shock radius, ∼ 0.1 pc in the Crab, which is too long to explain the short variability timescale of the flares, but fragmentation of the current sheet could lead to more rapid variability. The amount of magnetic energy available for dissipation in this case would be limited by the pulsar misalignment angle, with a high efficiency possible only if the angle is close to 90
• . The third possibility is that rapid reconnection is triggered by current-driven MHD instabilities downstream of the shock. If the magnetic field is dynamically important, the postshock wind will try to relax to a configuration in which gas pressure forces balance the stresses due to the predominently toroidal magnetic field (Begelman & Li 1992) . Such a system is highly unstable to kink instabilities (and slightly less unstable to pinch instabilities) in regions where the plasma beta parameter is O(1), on time scales of order the Alfvén crossing time (Begelman 1998; Mizuno et al. 2011) . The nonlinear development of the instability leads to a complex system of current sheets (O'Neill et al., in preparation) that could rapidly dissipate most of the magnetic energy at mid-to polar latitudes. The dissipation of the magnetic energy in the polar region could power the X-ray jet in the Crab. New observations with Chandra show that the southern jet has moved since 2000 (Weisskopf 2011) , perhaps related to the kink instability. In addition to the formation of current layers in the polar regions, it is expected that the magnetic field strength is amplified close to the rotational axis by the z-pinch, as required to power the flares.
In addition to setting up the conditions for extreme particle acceleration, the establishment of reconnection sites due to current-driven instabilities could resolve the long-standing "sigma problem". Hot gas in polar regions where the magnetic field has dissipated could exhaust to larger radii, allowing more highly magnetized gas from equatorial latitudes to fill the void. As it does so, this fresh gas will also go unstable, leading to the destruction of its magnetic energy, and so forth. Thus, current-driven instabilities at high latitudes could set up a conveyor belt leading to the dissipation of most of the magnetic energy introduced by the shocked pulsar wind. Such a process could reconcile the relatively high magnetic field (and inferred wind σ ∼ O(1)) required by the particle acceleration model with the low σ required by models of the nebula (Rees & Gunn 1974; Begelman & Li 1992) .
CONCLUSION
The existence of synchrotron photons above 100 MeV emitted by e + /e − pairs requires the non-standard condition that the electric field exceeds the magnetic field in the acceleration region. This condition can be fulfilled in regions where ideal MHD approximation breaks down, such as reconnection sites.
Relativistic test-particle simulations presented in this paper show that high-energy particles moving across a thin reconnection layer are accelerated by the electric field and focus rapidly deep into the layer where E > B. This mechanism transforms any initial distribution of particles into an extremely beamed distribution in the reconnection layer. In addition, our population studies show that the energy distribution of the particles at the end of the layer piles up to the maximum potential drop energy available, eEL z , suggesting that the reconnection layer acts almost as a pure linear accelerator. Because the perpendicular magnetic field is small deep inside the layer, individual particles can exceed the nominal radiation reaction-limited energy and emit > 100 MeV synchrotron photons provided that the layer is long enough. We note that a strong guide field and the associated in-plane electric field tend to defocus the particles outside the layer, decreasing the fraction of particles accelerated to the highest energies. We find also that static magnetic islands in the layer, generated for instance by tearing instabilities, tends to trap and focus the particles toward the O-points. If the layer is bent by i.e. kink instabilities, particles' trajectories follow the curvature of the layer. The final energy of the particles and the general focusing mechanism described in this article remain unchanged by these deformations as long as the curvature length-scale is not too short compared with the distance traveled by the particles between two crossings through the layer.
These key features of the model (i.e. generation of a fan beam of particles with energy ∼ eEL z ) are essential to explain the apparent high number of PeV electrons required to power the Crab Nebula gamma-ray flares. For illustrative purposes, we applied the model to the September 2010 flare. Observations can be qualitatively reproduced assuming a few lightday-long reconnection layer and a few milli-Gauss reconnecting magnetic field. The resulting spectrum is close to the synchrotron spectrum of a single electron. Cooling and timedependent injection of fresh particles in the nebula during the flare can broaden and soften the spectrum averaged over the duration of the flare. The strong beaming of the electron distribution emitting the high-energy radiation accounts for the overall luminosity of the flare, if the reconnection layer points toward the observer. This implies that gamma-ray flares could happen frequently in the nebula, but only those occasionally pointing at us are detected. The inverse Compton emission associated with the flare is far too low to be observed and no detectable counterparts of the flare at other wavelengths are expected in this model.
The mechanism of particle acceleration described in this article may be at work in other astrophysical objects, for instance in active galactic nuclei (AGN) jets (Nalewajko et al., in preparation) . A few blazars flaring in TeV gamma rays exhibit variability timescales (∼ minutes) much shorter than the light-crossing time of the Schwarzschild radius of the central supermassive black hole (∼ hour) (Aharonian et al. 2007; Albert et al. 2007; Aleksić et al. 2011) , suggesting that particles are quickly and efficiently accelerated in a small volume of the relativistic jet. The acceleration and, more importantly, the focusing of the particles within a reconnection layer could account for strong beaming of the TeV flare emission. In the environment of AGN jets, the effect of the inverse Compton drag force becomes important and would decrease the maximum energy reached by the particles at the end of the layer. Nevertheless, we found that the distribution of particles should remain extremely anisotropic. Note that this model differs from the "mini-jet" model (Giannios et al. 2009 (Giannios et al. , 2010 Nalewajko et al. 2011) in which particles are assumed to be beamed just by the relativistic bulk motion of the reconnection outflow (moving perpendicular to the electric field, in the jet comoving frame) expected in a Poynting flux-dominated jet (Γ bulk ∼ σ 1/2 , where σ ≫ 1 is the ratio of the Poynting flux to the particle kinetic energy flux). In the Crab Nebula, mini-jets are unlikely to form because σ is at most of order unity.
The test-particle simulations presented in this work are not fully satisfactory, because many uncertainties remain regarding the structure of the electromagnetic fields inside and outside the reconnection layer. Interactions between particles are also neglected in this study. It is unclear what the effect of extremely high-energy particles on the dynamics of the reconnection layer would be. A self-consistent and more realis-tic approach to this problem would be to use PIC simulations with ultrarelativistic electron-positron pairs, including the radiation reaction force as pioneered by Jaroschek & Hoshino (2009) . Another challenge is to calculate accurately the radiation emitted by the particles during the acceleration process inside and outside the reconnection layer (time dependent angular and energy distributions). These issues are left for future investigations.
